Arbuscular mycorrhizal fungi (AMF) are an ecologically important group of fungi. Previous studies showed the presence of divergent copies of b-tubulin and V-type vacuolar H þ -ATPase genes in AMF genomes and suggested horizontal gene transfer from host plants or mycoparasites to AMF. We sequenced these genes from DNA isolated from an in vitro cultured isolate of Glomus intraradices that was free of any obvious contaminants. We found two highly variable b-tubulin sequences and variable H þ -ATPase sequences. Despite this high variation, comparison of the sequences with those in gene banks supported a glomeromycotan origin of G. intraradices b-tubulin and H þ -ATPase sequences. Thus, our results are in sharp contrast with the previously reported polyphyletic origin of those genes. We present evidence that some highly divergent sequences of b-tubulin and H þ -ATPase deposited in the databases are likely to be contaminants. We therefore reject the prediction of horizontal transfer to AMF genomes. High differences in GC content between glomeromycotan sequences and sequences grouping in other lineages are shown and we suggest they can be used as an indicator to detect such contaminants. H þ -ATPase phylogeny gave unexpected results and failed to resolve fungi as a natural group. b-Tubulin phylogeny supported Glomeromeromycota as sister group of the Chytridiomycota. Contrasts between our results and trees previously generated using rDNA sequences are discussed.
Introduction
One of the most common symbioses in nature is formed between plants and arbuscular mycorrhizal fungi (AMF). Indeed, over 60% of vascular plants form mycorrhizal symbioses with fungi belonging to the phylum Glomeromycota ). This symbiosis is also known to be ancient since fossil records show that the first land plants were colonized by AMF (Redecker et al., 2000; Remy et al., 1994) . AMF play a key role in plant ecology, influencing plant nutrient acquisition (Jakobsen, 1995) , and providing a protective role against plant pathogenic fungi (Nesheim and Linn, 1969; Newsham et al., 1995) . More recently, AMF diversity has been shown to determine plant diversity and ecosystem productivity (Van der Heijden et al., 1998a,b) .
In view of the importance of AMF, there has been considerable interest in finding regions of the genome that will allow both accurate studies of AMF phylogeny and represent markers that are variable among AMF species for identification purposes. Ribosomal DNA sequences have rapidly become the most common regions of the genome that are used in both studies on molecular diversity of AMF colonizing plant roots (Clapp et al., 1999 Daniell et al., 2001; Van Tuinen et al., 1998) and in phylogenetic studies of AMF (Redecker et al., 2000; Schwarzott et al., 2001) . Ribosomal DNA sequences are highly variable even within a single spore (Antoniolli et al., 2000; Lloyd-McGilp et al., 1996; Rodriguez et al., 2001; Sanders et al., 1995) . Therefore, problems in identifying specific AMF sequences that are useful for identification and for phylogenetic studies can arise when using such regions of the genome. Although some other AMF genes have been identified that play a key role in the plant-AMF symbiosis, such as a phosphate transporter gene (Harrison and van Buuren, 1995) and genes expressed during early developmental stages of AMF (Requena et al., 2002) , these are unlikely to be useful for phylogenetics at the present time, because of the lack of information from other fungal groups.
Few other AMF genes have been looked at in detail either as tools for identification or for phylogenetics. Two genes, namely H þ -ATPase and b-tubulin, have been studied by Ferrol et al. (2000) and Rhody et al. (2003) , respectively, in order to obtain information about the possible presence of intra-specific sequence variation. Highly divergent copies of ß-tubulin genes have already been reported for several groups of fungi (Baldauf and Palmer, 1993; Keeling, 2003) , but these paralogous sequences clustered within the clade of fungi and did not show similarities with other eukaryotic lineages. The sequencing project of Neurospora crassa revealed the presence of a highly divergent ENA-ATPase sequence (Benito et al., 2002) . Despite the very high molecular variability between that sequence and the other N. crassa paralogs, it nevertheless clustered next to a Basidiomycete and not outside the clade of fungi. In contrast, Ferrol et al. (2000) and Rhody et al. (2003) showed that sequences obtained from a single AMF species group in different major eukaryotic lineages. These studies predicted possible horizontal gene transfer from the host plant or mycoparasites to the AMF genome as a cause of this intra-specific variation but failed to provide support for their phylogenetic analysis and sound evidence against a possible contamination within their dataset.
The problems associated with finding sequences in AMF that cluster outside the glomeromycotan fungi are documented in studies of AMF rDNA. Using a phylogenetic analysis of rDNA datasets obtained from gene databases, Redecker et al. (1999) and Sch€ u ussler (1999) , demonstrated that some rDNA sequences obtained from AMF were more related to Ascomycetes than to glomeromycotan species. These authors emphasized that the sequences were so close to those of known Ascomycetes that the presence of contaminant sequences in AMF should be considered. Hijri et al. (2002) later confirmed that the sequences identified by Redecker et al. (1999) as possible contaminants actually came from ascomycetes living in the cytoplasm of healthy AMF spores.
Many glomeromycotan species are exclusively cultured together with plants growing in pots. These conditions clearly allow the fungus to come into contact with other soil microorganisms and this renders the isolation of pure fungal hyphae and spores very difficult (Sch€ u ussler, 1999) . In these systems spores are isolated from the growing medium by wet sieving of the soil. Therefore, there is a high probability for other fungi to be harvested and used for DNA extraction.
Some other glomeromycotan fungi can be cultured in vitro, with RiT-DNA transformed carrot roots as a host, in a two-compartment plate system (St-Arnaud et al., 1996) . This system is used frequently in laboratories studying AMF genes because large quantities of clean DNA from both spores and hyphae can be obtained (Lammers et al., 2001; Ubalijoro et al., 2001) . Growing the AMF on an artificial medium avoids many possible contaminations from soil microorganisms and by using a root free compartment avoids contamination by plant material. Another method to avoid contamination from soil microorganisms has been recently published in Requena et al. (2003) . In this study, fungal material was cultured in direct symbiosis with the host-plant in a growing medium composed of glass-beads. Therefore, the absence of soil microorganisms, allowed the avoidance of numerous potential contaminants.
So far most of the studies reporting the presence of polyphyletic sequences in functional genes used DNA extracted from pot-cultured AMF (Ferrol et al., 2000; Lanfranco et al., 1999) . Rhody et al. (2003) claimed that they also found highly divergent sequences also from in vitro cultured AMF but failed to provide sound evidence for it. Therefore doubts about the origin of some highly divergent sequences obtained from pot-cultured AMF have arisen. The aim of our study was to analyse in detail the variability present in b-tubulin and H þ -ATPase genes in the AMF Glomus intraradices that was cultured in vitro and to test whether there are sequences of different evolutionary origin, as previously reported. For this purpose, degenerate primers were designed using highly conserved regions of V-type vacuolar H þ -ATPase and b-tubulin genes in order to sequence the most gene variants possible including any that might have originated from other fungal and eukaryotic groups. Phylogenetic analysis with additional data from all major fungal groups and divergent eukaryotic lineages was carried out. Our results were compared to published data on variation of H þ -ATPase and b-tubulin genes in AMF. We also aimed to examine whether there are general properties of AMF genes that could be used to predict whether sequences are contaminants or not. For this we have determined the GC content of a large number of deposited G. intraradices total and partial gene sequences that originated from AMF growing in the in vitro system and compared it with GC content of sequences that occur outside the Glomeromycota according to phylogenetic analyses.
Materials and methods

G. intraradices cultivation and genomic DNA extraction
A culture of G. intraradices (isolate DAOM 181 602) growing on RiT-DNA transformed Daucus carrota roots was obtained from the group of Prof. G. B e ecard (University Paul Sabatier, Toulouse, France). The fungus was maintained on two-compartment plates that allowed proliferation of large amounts of hyphae and spores in a compartment that is free of roots (St-Arnaud et al., 1996) . Roots that directed their growth to the fungal compartment were regularly cut to avoid contamination with plant DNA. The cultures were grown for an average period of 3 months at 25°C before DNA extraction. Spores and hyphae were harvested by dissolving the medium in citric acid (Nagahashi and Douds, 1999) . Fungal material was collected on a 22 lm sieve and used for DNA extraction. Freshly harvested mycelium was placed in a 2 ml microcentrifuge tube and disrupted using a magnetic stirrer (Cenco instruments) and a micro-stirring bar for 10 min at 1200 rpm. DNA was then extracted from the resulting suspensions using the DNeasy plant mini kit (Qiagen). DNA concentration was estimated using a fluorimeter (Hoefer DyNA Quant 200) and DNA quality was checked by migration of 150 ng DNA on a 0.6% TAE agarose gel after electrophoretic separation for 30 min at 8 V/cm.
Polymerase chain reaction and DNA sequencing
Two 20mer degenerate oligonucleotides for V-type vacuolar H þ -ATPase designated as P1 (sense): 5 0 -TGY WSY GAY AAR ACY GGI AC-3 0 and P2 (antisense): 5 0 -TTV ACH CCR TCH CCI GTC AT-3 0 were synthesized (Microsynth GmBH, Switzerland) and used for genomic DNA amplification (Ferrol et al., 2000) . Additionally, two degenerate primers, newly designed to match highly conserved regions of fungal b-tubulin genes were synthesized (Microsynth GmBH, Switzerland) and named as Deg.Tub.for: 5 0 -GAY GTY GTB CGY AAR GAR GC-3 0 and Deg.Tub.rev: 5 0 -TTS ARY TGW CCV GGG AAA CG-3 0 . b-Tubulin and H þ -ATPase specific primers were designed using the different copies for btubulin we obtained and for H þ -ATPase mRNA sequence of G. intraradices found in GenBank (AF420481). They have been designated as GiTub.spe.F: 5 0 -GCT GGT CCT TTT GGA CAA -3 0 and GiTub.spe.R: 5 0 -TGC AAA TCC GAC CAT GAA GAA-3 0 for b-tubulin and GiHA.F: 5 0 -TAG AGT AGC AAC AGG TGC TCC A-3 0 and GiHA.R: 5 0 -CTT CAA TTG CCT TTG TTG ATG A-3 0 for H þ -ATPase. Amplifications were carried out in a final volume of 50 ll containing 1Â PCR buffer (10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, 0.1% Triton X-100, and 0.2 mg/ml BSA), 100 nM dNTPs, 1 nM final concentration of each degenerate primer (500 nM for Tub.-spe.F and Tub.spe.R), and 0.5 U of Taq polymerase (Qbiogene). PCR was perfomed using 40 ng of DNA as template, in an automated thermal cycler (T-gradient, Biometra) with an initial denaturation step of 3 min at 94°C, followed by 35 cycles of denaturation for 15 s at 94°C, annealing for 30 s at 44°C, and extension for 1 min at 72°C, followed by a final extension for 7 min at 72°C. Amplification products were electrophoretically separated on 1.2% agarose gels, stained with ethidium bromide and the expected bands were excised from the gel. Excised bands were purified with a Qiaquick gel extraction kit (Qiagen, GmBH). PCR fragments were then cloned into the pTZ57R/T vector (Mbi Fermentas GMBH C/O labforce AG), following manufacturerÕs instructions. Sequences were obtained using M13 forward and reverse primers with a Big Dye 3.0 Terminator cycle sequencing kit according to manufacturerÕs instructions and separated on an ABI Prism 3100 genetic analyser (Applied Biosystems, Foster city, USA). All sequences were manually corrected for ambiguities. A total number of 96 clones have been screed for variation by SSCP for both b-tubulin and H þ -ATPase genes.
SSCP procedure
Clones that differed in sequence were found by screening with SSCP. Three hundred nanograms of plasmid from positive clones were double digested using 10 U of AluI/HinfI and AluI/DpnI for b-tubulin and H þ -ATPase genes, respectively, in 1Â incubation buffer for restriction enzymes A (Roche) in a volume of 10 ll and incubated at 37°C for 2 h, followed by heat inactivation of the enzymes at 70°C for 10 min. Samples were mixed and then denatured at 95°C for 3 min. Submerged Gel electrophoresis was carried out at 9°C and 6 V/cm for 15 h on precast GMA Gels (Elchrom Scientific). Gels were stained with SYBR Gold for 40 min in the dark and rinsed for 20 min. Differences in the banding patterns indicated different clones. These clones were chosen for sequencing and analysis.
Sequence analysis
Sequences were analysed using the Vector NTI package (Informax, Oxford, UK). Sequences related to G. intraradices b-tubulin and H þ -ATPase genes were deposited in GenBank under Accession Nos. (b-tubulin: AY326320; AY326321; H þ -ATPase: AY326322-AY326329). Sequence homology with genes deposited in gene databases was conducted using BLAST (Altschul et al., 1990) . Sequences were aligned using clustalX and refined by eye. The choice of highly divergent eukary-otes in our phylogenetic analysis prevented us from using nucleotide sequences because the alignment was not reliable enough. Therefore, we used alignments of amino acid sequences. Only sequences related to exons were used in the phylogenetic analysis. Trees were constructed by neighbor-joining and minimum evolution (Kumar, 1996) methods using MEGA2 (Kumar et al., 2002) . Genetic distances for protein sequences of b-tubulin and H þ -ATPase genes were estimated using the Poisson corrections. Phylogenetic tree topologies were assessed by 1000 bootstrap replicates. Only GiHA5 to GiHA8 clones were translated into amino acid sequences for our phylogenetic analysis of H þ -ATPase genes because they covered a longer region of the gene and were, therefore, more useful for phylogenetic analysis. We obtained data from gene libraries on b-tubulin and H þ -ATPase genes from AMF (Ferrol et al., 2000; Rhody et al., 2003) and from other different fungal groups (Ascomycetes, Zygomycetes, Basidiomycetes, and Chytridiomycetes). Some divergent eukaryotic lineages were also obtained from databases and added to the dataset for phylogenetic analysis. The absence of H þ -ATPase genes from Zygomycetes in GenBank prevented us from using them in the phylogenetic analysis. Accession numbers of taxa used in this study are provided in Tables 1 and 2 numbers and relative GC content are described in Table 3 .
Results
3.1. Identification of two highly variable b-tubulin genes in G. intraradices
Two highly variable b-tubulin sequences were obtained from G. intraradices that had been cultivated with RiT-DNA transformed roots. The two sequences designated GibTub1 and GibTub2 were 1078 and 1100 bp in length, respectively. Intra-lineage genetic variation was present as a low number of single substitutions. Alignment of the sequences showed an overall similarity of 73%. Comparison with sequences present in databases showed that they both encode a putative b-tubulin protein, and thus, can be considered as b-tubulin gene variants, rather than two sequences belonging to different members of the tubulin gene family (e.g., a, b, and c-tubulin). A comparison of both variants with a glomeromycotan b-tubulin mRNA sequence deposited in GenBank allowed us to identify two introns in both sequences, with a high number of indel mutations. One hundred and ten substitutions were observed along the exon sequences of GibTub1 and GibTub2. GibTub1 and GibTub2 show an elevated transition versus transversion ratio of 3.29. The high number of substitutions would be unlikely to greatly affect the protein homology, as reflected by the very low dN/dS ratio (x ¼ 0:071). The average GC content for GibTub1 and GibTub2 was 38 and 39%, respectively, including both exon and intron sequences. Introns alone showed an average GC content of 24 and 27% for GibTub1 and GibTub2, respectively.
Identification of a single H
þ -ATPase gene lineage in G. intraradices PCR with highly degenerate primers yielded two distinct amplifications of about 1.2 kb and 800 bp. Sequencing of the 1.2 kb fragments and comparison with databases showed similarities to ENA-ATPase gene sequences deposited in GenBank (58% of homology with the Zygomycete fungus, Blakeslea trispora). No homologies of the 1.2 kb PCR products with a putative H þ -ATPase were found. The sequenced fragment of 800 bp showed highest similarities with the subunit A of V-type vacuolar H þ -ATPase sequences from G. intraradices (AF420481) and Glomus mossae (AY193825); both of which had been obtained from monoxenic fungal cultures. Comparison with mRNA sequences of AMF and other fungal species showed that the H þ -ATPase sequences corresponded to a 790 bp region that did not include any intron. Among eight different H þ -ATPase clones, an overall number of 11 variable sites were detected. Four of them led to a change in the amino acid sequence, leading to a ''Replacement versus Synonymous'' substitution ratio ((1) that is lower than the ratio that would be expected by Taq polymerase errors (ratio of 3:1) (Bracho et al., 1998; Dunning et al., 1988; Ennis et al., 1990) . These sequences have been designated GiHA1 to GiHA8 and deposited in GenBank under the following Accession Nos.: AY326322-AY326329.
Evolution of b-tubulin and H þ -ATPase gene variants
The b-tubulin tree topology showed the presence of five major fungal groups: Basidiomycetes, Ascomycetes, Zygomycetes, Chytridiomycetes, and Glomeromycota (Fig. 1) . Other eukaryotes (Plants, Oomycetes, and Animals) diverged greatly from fungi. In all analyses the Ascomycetes, Basidiomycetes, Chytridiomycetes, Glomeromycota, and the fungi as a whole formed supported monophyletic groups. A Glomeromycota cluster is supported by a high bootstrap value and contains exclusively sequences related to Glomeromycotan species. Paralogous sequences were recovered from databases and phylogenetically analysed. Their grouping always supported a fungal origin. Paralogs of Ascomycota did not diverge from the Ascomycotan clade. Chytridiomycotan b-tubulin paralogs clustered with Zygomycotan sequences. In this case our results are not completely congruent with Keeling (2003) . Differences in the clustering may be attributed to the shorter length of sequences analysed in our study. The b-tubulin tree topology supports Chytridiomycota as the sister group of Glomeromycota. The phylogenetic analysis suggest a fungal origin of Glomeromycotan sequences but is in contrast with results obtained with Ribosomal DNA sequences ) suggesting Ascomycetes and Basidiomycetes as being sister groups of Glomeromycota. Even though the exon sequences of GibTub1 and GibTub2 in G. intraradices differed by 110 substitutions, both types clearly grouped with glomeromycotan sequences rather than with other eukaryotic lineages. The Glomeromycota cluster shows some unusual features such as the clustering of Gigaspora rosea (AF158389) with G. mossae and our G. intraradices sequences with Gigaspora margarita. One of the causes for this grouping could be due to the use of amino acid sequences in our phylogenetic analysis. Therefore, the high number of synonymous substitutions that may occur in the nucleotide sequences, and which could be informative, are no longer present. This may lead to species positions that do not reflect the real evolutionary steps within a lineage.
Some glomeromycotan sequences obtained from the databases (Acaulospora laevis, AF158391; Scutellospora castanea, AF158400; G. mossae, AF159109 and G. rosea, U49665) showed higher similarities with a highly divergent eukaryotic lineage, the Oomycetes (Stramenopiles).
Phylogenetic analysis of H þ -ATPase amino acid sequences resolved four major evolutionary lineages, corresponding to three major fungal groups (Glomeromycota, Ascomycetes, and Basidiomycetes) and a cluster containing all sequences related to plants (Fig. 2) . All major clusters are supported by high bootstrap values. The H þ -ATPase variants from this study (GiHA1-4) clustered together with a sequence from G. intraradices deposited in GenBank (AF420481). The sequence from G. mossae (GmHA5, AJ133843), formerly defined as related to the plant lineage (Ferrol et al., 2000) and another sequence from Glomus mossae (Franken et al., 1997; Rhody et al., 2003) and with other sequences belonging to the Zygomycetes, Ascomycetes, Basidiomycetes, Stramenopiles, Plants, and Animals. Previously published AMF sequences grouping outside the fungal clade are underlined. Numbers at nodes correspond to bootstrap support from neighbor-joining (top/left) and minimum evolution (bottom/right) genetic distances. deposited in GenBank (AY193825) (Requena et al., 2003) grouped as a sister group of G. intraradices sequences. All other previously studied H þ -ATPase variants from G. mossae (GmHA1-4; AJ133939-AJ133842) in the databases grouped with Ascomycetes. A single clade only corresponding to only Basidiomycetes is underlined) , Plants, Ascomycetes, and Basidiomycetes were used in the phylogenetic analysis. An Oomycete (Phytophtora infestans) was added as an outgroup. Numbers at nodes correspond to bootstrap support from neighbor-joining (top/left) and minimum evolution (bottom/right) genetic distances.
represented within the phylogenetic analysis. Unexpectedly the tree topology supported Basidiomycetes as a sister group of plants and tree topology do not resolve the fungi as a natural group.
GC content of putative coding regions in G. intraradices
Analysis of 51 total and partial gene sequences deposited in GenBank, that were obtained from G. intraradices growing in the in vitro system (Lammers et al., 2001) , showed that out of 37,399 nucleotides only 36% were G or C. This is a particularly low value compared with many other fungi. GC content of exons of the GibTub1, GibTub2, and GiHA genes were 42, 43, and 36%, respectively. The b-tubulin and H þ -ATPase sequences that were previously reported to cluster outside the Glomeromycota had an average GC content of 55 and 57%, respectively.
Discussion
Evolution of AMF b-tubulin genes
From an in vitro culture of G. intraradices, we obtained highly variable b-tubulin gene variants. Both sequences grouped in a single clade containing only sequences related to the phylum Glomeromycota (Fig. 1) . This clade groups next to the Chytrids and support a fungal origin of these sequences. None of the b-tubulin fragments showed strong similarities with Ascomycetes, Basidiomycetes or other eukaryotes such as Stramenopiles or plants. A phylogenetic analysis of glomeromycotan b-tubulin sequences that are present in public databases showed that, all published AMF sequences that clustered next to the Oomycetes were obtained from pot-cultured AMF. In the report by Rhody et al. (2003) , the presence of glomeromycotan sequences grouping with Ascomycetes has been discussed as a clear evidence of contamination. In contrast, when glomeromycotan sequences grouped with Oomycetes in their phylogenetic analysis, the authors predicted that this was due to horizontal gene transfer between the hostplant and the AMF genome because of their long-term co-evolution. Our phylogenetic analysis clearly demonstrates that these divergent sequences did not group within plants or Oomycetes and that they are likely to be considered as an unknown eukaryotic group that is highly divergent from the fungi. Analysis of these b-tubulin sequences highlights the correlation between their culture origin and their evolutionary history: (i) The two sequences of G. rosea we used in our analysis were obtained in two different studies. One sequence clustering within the Glomeromycota (AF158389) was obtained from in vitro cultured spores of G. rosea (Rhody et al., 2003) , while the sequence that clustered outside the Glomeromycota (U49665) originated from pot-cultured material (Franken et al., 1997) ; (ii) Rhody et al. (2003) found three b-tubulin sequences from G. intraradices deposited in databases. One originated from a pot-culture and grouped, in their analysis, within Oomycetes; the two others originated from an in vitro culture of G. intraradices and clustered within the Glomeromycota.
The alignment of the putative AMF sequences that clustered outside the Glomeromycota provided clear evidence that predicted gene transfer from Stramenopiles or plants to AMF genomes is unlikely. These sequences were found in four different genera (Acaulospora, AF158391; Scutellospora, AF158400; Glomus, AF159109, and Gigaspora, U49665) that diverged from each other hundreds of millions of years ago (Simon et al., 1993) . However, they showed almost no variation among their 800 bp length, compared with a very high amount of substitutions within the other evolutionary lineages. Since these sequences were used to predict horizontal gene transfer, the lack of variation among them would mean that the transfer would have had to occur from the same host plant to four different genera at the same time and recently enough to avoid the presence of synonymous substitutions. We argue it is more likely that those sequences originated from the same contaminant of unknown eukaryotic origin and that the very low number of substitutions between these four genera is likely to be due to Taq polymerase errors. We did not obtain highly divergent sequences from in vitro cultured G. intraradices as Rhody et al. (2003) reported. We demonstrate that although high molecular variation is present in AMF b-tubulin genes, this variation has arisen within AMF and does not appear to be a result of horizontal transfer.
H þ -ATPase gene family and phylogenetic tree resolution
The H þ -ATPase tree topology showed unexpected features (Fig. 2) . H þ -ATPase amino acid sequences from Basidiomycetes clustered with high bootstrap values as a sister group of plants. These sequences have been independently obtained by three different authors. The amino acid sequences are conserved between the three basidiomycetes and show large enough differences to distinguish them from plants. Therefore, we would reject horizontal transfer or contamination from plant material as a cause of this unusual nesting. In fact, amino acid alignment showed that fungal specific amino acid motifs are totally absent among the sequences that we used for the phylogenetic analysis. In contrast, sequences are more conserved within each fungal class and within the plant lineage. In our opinion, strong positive selection (i.e., accelerated evolution of certain regions of the protein) between each evolutionary lineage is a probable prediction for the absence of fungal specific amino acid motifs and for the absence of a well-resolved fungal clade for H þ -ATPase. Another prediction could be that H þ -ATPase sequences from Basidiomycota represent paralogous sequences that have arisen from ancient gene duplication and, subsequently maintained by selection in the Basidiomycota, with the simultaneous loss of the corresponding ancestral gene. Glomeromycota and Ascomycetes share some amino acid motifs that segregate them from the plant-Basidiomycetes cluster. The fact that Pneumocystis carinii is not basal in the phylogenetic tree could be attributed to the same phenomenon of positive selection for certain amino acid motifs within the analysed protein sequence.
Our analysis of H þ -ATPase genes was carried out to obtain information about the origin of the five different isoforms reported by Ferrol et al. (2000) . We show that intra-lineage variation is low and that the different fungal taxa and the plants group together with high bootstrap values. Therefore, even if phylogenetic analysis shows unexpected features regarding the position of the Basidiomycetes, it is still informative enough to assign an origin to the H þ -ATPase isoforms reported by Ferrol et al. (2000) . Based on the fungal taxonomic diversity that was included in our phylogenetic analysis, GiHA clones and all the deposited glomeromycotan H þ -ATPase sequences that were not obtained from pot cultures clustered together outside the clade of Ascomycetes. Our findings are in contrast with results obtained by Ferrol et al. (2000) and we present evidence against horizontal transfer of the GmHA5 sequence from plants to the AMF genome. The GmHA5 sequence groups within the cluster of glomeromycotan sequences that were not obtained from pot cultures. The original nesting of GmHA5 within plants is probably due to the low number of fungal taxa that was used in the phylogenetic analysis of Ferrol et al. (2000) . The poor resolution of their tree is further highlighted by the clustering within plants of the only non-Ascomycete fungus, Uromyces fabae (Basiomycota). In our analysis, this species clustered with other Basidiomycetes, as expected.
The other H þ -ATPase sequences obtained by Ferrol et al. (2000) , GmHA1-4 (AJ133839-AJ133842), grouped within Ascomycetes. The interpretation of Ferrol et al. (2000) was that GmHA1-4 represented four different isoforms of H þ -ATPase in the genome of G. mossae. In our phylogenetic tree, GmHA1-4 still cluster with high support within the clade of Ascomycetes. Alignment of sequences shows that GmHA1, 3, and 4 are very similar to N. crassa and GmHA2 to Emericella nidulans. Given that previous studies have verified the presence of Ascomycetes in AMF cultured in pots (Hijri et al., 2002; Redecker et al., 1999; Sch€ u ussler, 1999) , it is more likely that GmHA1-4 are ascomycete sequences from additional fungi present in the pot culture.
Therefore, we suggest that only GmHA5 should be considered as an H þ -ATPase sequence from G. mossae. In the present study, and in other studies using AMF cultured in the in vitro system, no sequences have been found that clustered with ascomycetes.
GC content and evolutionary lineages of AMF functional genes
The b-tubulin and H þ -ATPase sequences we obtained from in vitro cultured G. intraradices and from the databases were analysed with respect to their GC content. With respect to the H þ -ATPase gene phylogeny, all the glomeromycotan sequences obtained from monoxenic cultures show an average GC content of 40%. For the b-tubulin gene tree, the sequences grouping in the Glomeromycota cluster and obtained from databases have an average GC content of 44%.
In contrast, H þ -ATPase and b-tubulin gene sequences obtained from databases that clustered in other phylogenetic lineages showed significantly higher GC content. In the case of b-tubulin genes, their average GC content reached 55-56%. Similarly, H þ -ATPase sequences from G. mossae (GmHA1-4) showed average GC values of between 53 and 60%.
In order to obtain additional information about the average GC content of AMF, we analysed a dataset of deposited putative coding sequences (Lammers et al., 2001) . All these sequences were obtained from G. intraradices growing in the in vitro culture system. Our analysis of these sequences resulted in an average GC content of only 37% (SE AE 5%) in the coding regions of G. intraradices (51 putative coding regions analysed, representing about 40 kb of the G. intraradices genome). It appears that GC content is a useful tool to distinguish AMF sequences from those that have arisen from possible contaminants present in pot cultures. Moreover, studies conducted by Hosny et al. (1997) on the whole genome of nine AMF species, demonstrated that AMF genomes are characterized by a very low GC content ranging from 30 to 35%, from either coding or noncoding regions. Although the GC content cannot give a definitive answer whether a sequence is of AMF origin or from a potential contaminant, it can be a useful indicator that should alert the researcher to a potential contaminant if the GC content is higher than that normally observed for AMF genomes.
Functional genes and AMF phylogeny
Previous phylogenetic analysis of AMF species have been carried out using ribosomal DNA sequences. These analyses show that AMF species group together but separately from other true fungi. Consequently, Sch€ u ussler et al. (2001) proposed a new phylum, the Glomeromycota. Ribosomal genes are present in AMF genomes as multicopy genes. These sequences have been shown to be highly variable within a single AMF spore, and this therefore presents problems in the identification of specific molecular markers to use in a phylogenetic analysis. The very high intra-sporal molecular variation might be one of the causes for the unclear evolutionary position of many AMF species, and therefore, discussions about the utility of rDNA sequences for providing a reliable AMF phylogeny have arisen. We show that btubulin and H þ -ATPase sequences are likely to be monophyletic within a single AMF species. For both these genes, the phylogenetic representation showed that glomeromycotan sequences represent a highly supported group. Our b-tubulin tree topology is congruent with a previously published phylogeny of b-tubulin fungal sequences (Keeling, 2003) with the exception that the paralogs of Chytridiomycetes clustered within the Zygomycota in our phylogenetic analysis. One of the most intriguing characteristics of the b-tubulin tree is the relationship between Glomeromycota and Chytridiomycetes. This result is in contrast with data from Sch€ u ussler et al. (2001) that supported Basidiomycetes and Ascomycetes as sister groups of Glomeromycota. This unexpected cluster (Chytridiomycota-Glomeromycota) highlights the need of further phylogenetic analyses in order to determine the closest living relatives to the Glomeromycota. An analysis of 18S rDNA sequences showed that some species of Mortierellales tend to cluster with Chytridiomycetes. The clade grouping Chytridiomycetes and Glomeromycota is at the edge of being strongly significant and it seems therefore important to add Mortierellales sequences in further studies in order to detect the evolutionary relationships between these fungal groups. Unfortunately, only two sequences from Mortierella verticillata are available in the database and cover a different region of the gene to that which we analysed. The loss of most informative sites resulted in the clustering of M. verticillata with Zygomycetes without any changes in the tree topology. Nevertheless, analysis of these two sequences showed that the 100 amino acid overlap with the sequences used in our analysis do not show any hints that Mortierella groups with Chytrids. A prediction for the grouping of Glomeromycota and Chytridiomycetes could be that at the amino acid level not enough variation has arisen between the two taxa because of very strong selective constraints. These constraints could have acted to maintain highly homologous b-tubulin sequences within and between these lineages. This is reflected in the tree genetic distances, where species in other fungal groups show higher genetic distances if compared with the clade grouping Chytrids and Glomeromycota.
Several authors found the presence of paralogous sequences in fungi (Baldauf and Palmer, 1993; Keeling, 2003) . Evidence of ancient fungal paralogs of b-tubulin could also contribute to the sister group relationship between Chytrids and Glomeromycota. Considering these findings it appears to be likely that more, as yet unrevealed paralogous sequences could be also present in the Glomeromycota. If the presence of b-tubulin paralogs is shown to be a general rule within the fungi, major impacts on the b-tubulin fungal phylogeny are likely to appear. We think that a multigene approach with the use of a more complete set of fungal taxa (i.e., by adding Mortierellales) will be necessary in studies related to the phylogeny of Glomeromycota, especially if gene sequences do not show signs of ancient duplication that could bias the evolutionary relationships within the fungi.
The H þ -ATPase phylogeny showed unexpected features and did not resolve fungi as monophyletic. Given the high inter-lineage genetic variation we do not consider the H þ -ATPase sequences as useful tools for studying the evolutionary positions of the different fungal taxa. At the intra-lineage level, the Ascomycete clade seems to have one separate group (Emericella/ Aspergillus). Considering the large number of sequences found in G. intraradices, their genetic distance with the G. intraradices sequence recovered from database and the relatively short branch separating them from G. mossae, we would not expect that H þ -ATPase sequences would be very useful for species identification.
